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INTRODUCTION 
The wavelet transform (WT) provides a new tool for processing transient signals and 
it can be considered as an alternative to the classical Short-Time Fourier Transform 
(STFT) for describing the time-frequency evolution of such signals. The purpose of the 
present paper is to provide an overview of the applicability of the wavelet transform to 
ultrasonic signal analysis. The WT will be briefly introduced with emphasis on the 
aspects which make it suitable for our applications. In particular the WT has been 
utilized to enhance the ultrasonic signal detection in presence of background noise. and 
the application of this technique for flaw detection will be presented. Improvements in 
detection were quantified using steel samples of different thickness and with simulated 
flaws. Furthermore, the self-adjusting window structure of the WT results in a time-scale 
representation of signals which can display the temporal variation of the spectral 
components with varying resolution. This property is extremely useful in the study of 
dispersive wave propagation, in particular for extracting the dispersion relation of the 
Pseudo-Lamb wave velocity in thin coatings. Numerical simulations and experimental 
results will be presented. 
MATHEMATICAL BACKGROUND 
Processing and analysis of a signal involves the division of a signal into different 
components which are used for extracting the information of interest. The most common 
technique used for analyzing transient signals is the Short Time Fourier Transform, in 
which the signal is decomposed into its harmonic components. As an alternative, the 
Wavelet Transform can also be used to analyze and identify the various components of 
an ultrasonic signal. 
By definition, the WT of a signal s(t) is the correlation between the signal and a set of 
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basic wavelets[l] h •. b(t), and is expressed by the following relationship: 
Ws (a,b) = £ s(t) . ha:b(t) dt = s(t) Q9 ~ h'( ~) 
The function h(t), referred to as the mother wavelet, must satisfy the admissibility 
condition[2]. From this function the set of daughter wavelets h •. b(t) is generated as: 
h (t) = a -1/2 • h -( t -b) a.b a 
(1) 
(2) 
where the quantity a represents dilation or compression in time of h(t), and b represents a 
shift in time. 
In many practical applications, as the one discussed here, the signal is digitized in 
discrete time intervals. Furthermore, as for the STFT, the WT is highly redundant when 
the parameters a,b are continuous in value. Therefore the WT is evaluated for a discrete 
number of points in the time-scale plane, corresponding to a discrete set of wavelets. 
Discretization of the time-scale parameters[3] leads to setting a = r, and b = n 2 moTs, 
where Ts is the sampling interval. The WT is thus expressed as a matrix of indeces m 
andn: 
N 
W(m, n) 2-m12 L s(k)' h(2-mk-n) . (3) 
k = I 
It follows from equation 1, that if the mother wavelet represents a pass-band filter 
of central frequency f" and bandwidth Llf" , then the daughter wavelet h.At) is also a pass-
band filter with aof" and aoLlf" as the central frequency and bandwidth, respectively. The 
relative bandwidth f / Llf = Q is constant and does not depend on the value of the dilation 
a. The WT transform can be seen as a bank of filters which are constructed by 
dilation/compression of the single function h(t). The filter constructed by the dilated 
version of the mother wavelet processes the low frequency information of the signal s(t), 
and the one related to the compressed version of h(t), analyzes the high frequency 
information. The output of the filter bank is thus related not only to the input signal s( t) 
but also to the type of filters h".h(t) that are utilized. By choosing a different mother 
wavelet, different characteristics of the input signal set) can be obtained as outpUf 
When performing a time-frequency decomposition of a signal using either the STFT 
or the WT, no theoretical gain is expected from one method as opposed to the other, in 
the case all the information is used. But, if only partial information is retained in the 
analysis, such as using only the magnitude and not the phase and looking only at the 
output of particular filters, the choice of the technique and of the mother wavelet will 
affect the information that can be extracted. In Fourier analysis, the signal is expanded 
into a series of complex exponentials, while in the WT the signal is decomposed into a 
series of elementary wavelets, which can be modeled either to match the response of the 
ultrasonic system to reduce noise or to represent harmonic packets for dispersion analysis. 
The flexibility of choosing the proper mother wavelet is one of the strongest advantages 
of using the WT, since the choice of the mother wavelet for a particular problem 
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Figure I Typical signals utilized in the presented work. (a) ultrasonic signal and (b) real 
part of the Mexican hat mother wavelet. 
improves the signal processing capability of the technique. Tailoring of the wavelet to 
the actual problem is possible and should be done. 
In the following we will present two applications of the WT signal processing in 
ultrasonics. It will be shown that using the proper mother wavelet, dramatic 
improvements in Signal-to-Noise Ratios (SNR) can be obtained, and its application in 
flaw detection will be discussed. In the second kind of application, the WT is utilized to 
decompose dispersive ultrasonic signals into analytic or progressive wavelet components. 
Using this approach a pseudo-color plot of the time-dilation is used to easily study and 
characterize different components of an ultrasonic signal in order to obtain its dispersive 
behaviour. 
NOISE REDUCTION AND SIGNAL DETECTION 
A typical ultrasonic signal is shown in figure I a. If the shape of the signal s( t) to be 
detected is known a priori, a replica of set) can be utilized as the mother wavelet function 
h(t), or the mother wavelet h(tj can be chosen from a set of theoretical signals, as the one 
shown in figure I b. A complex mother wavelet is obtained by zeroing the negative 
frequency components of the real signal[4]. With this method, the magnitude of the 
complex analytic WT output defines the envelope of the ultrasonic signal. Furthermore, 
the square of this quantity has been shown to be equal to the true rate-of-arrival of the 
sound energy travelling through the material. Using the two inputs of figure I a and lb. 
the WT was calculated using 25 filters with m varying from -3 to +3 with a step of 0.25. 
The choice of the range and step in values for m is dictated by the fact that the filters must 
overlap in frequency and must cover the frequency range of interest, so that information is 
not lost. The absolute value of the WT is plotted in logarthmic scale in figure 2 as a 
function of time-shift coefficient n and the dilation coefficient m. The band limited nature 
of the ultrasonic signal is responsible for the shape of the WT in the m direction, and the 
plot of the maximum of the output signal as a function of m can be used to represent the 
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Figure 2 Plot of the magnitude of the WT as a function of the time shift and the dilation 
coefficient m. 
frequency spectrum of the signal. The response due to the flaw is clearly discerned in the 
time-m plane. 
The maximum value of WT is obtained from the filter with m=O, in general, the 
maximum would occur for a value of m such thatfs=!'/ r, wherefs is the center 
frequency of the ultrasonic signal and!" that of the mother wavelet. The output signal 
~J,JI' which corresponds to m=O, is plotted as a function of time in figure 3. The 
maximum of the plot is positioned at a delay time neTs such that the mother wavelet and 
the input signal overlap and thus it can be used to measure time delays. From comparison 
between figure 3 and the input signal set) given in figure la, ~,.II can be interpreted as the 
filtered reproduction of the signal with noticeable reduction in the noise. This because 
part of the energy associated with the noise has been filtered out, while most of the signal 
energy has been retained, resulting in an increase in the SNR[5]. 
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Figure4 Signal of figure I with (a) simulated gaussian noise (SNR = -9 dB), and (b) the 
relative WT output. 
Denoising of signals is extremely important in ultrasonic flaw detection, as to 
correctly identify smaller defects. If the amplitude of the signal from the defect is below 
the detection threshold, the defect will not be reported. Work has been published to 
estimate the correct value of detection thresholds and techniques[6]. The probability of 
detection (POD) usually decreases as the defect size decreases, while the probability of 
false indication (PFI) does increase. It is obvious that the threshold level should be set 
above the noise level and below the signal level, and processing of the signals does 
increase the POD, without altering or increasing the PFI. For automated inspection 
systems, it is recommended to set the threshold level about 1.6 to 2.0 times the mean 
noise level. This means that the defect signal-to-noise ratio has to be higher than 4.0 or 
6.0 dB. 
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Figure 5 Plot of the SNR as a function of the hole dimensions for (+) the original signal 
and (0) the processed WT output. 
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The WT can be used to reduce noise in ultrasonic signals and to enhance flaw 
detection. To verify the quality of our denoising algorithm, gaussian noise was added to 
the signal in figure la, as shown in figure 4a. The SNR for the flaw signal is of -9 dB, 
and the WT output is plotted in figure 4b. In the original signal, it was impossible to 
discern the defect, while it is possible using the WT output. Please note the similarity 
between figure 3 and 4b. 
The proposed technique seems to be efficient in improving the signal strength and 
reduce the noise, hence a WT -based technique can be extremely useful for flaw 
detection[7J.[8]. In order to simulate flaws in a material and quantify the performance of 
the technique proposed, a series of holes with variable size and depth were machined in a 
block of steel, approximately 5 cm thick. The holes were intentionally not flat bottomed 
in order to reduce the area of interaction of the bottom of the hole with the wavefront of 
the ultrasonic wave. A 5 MHz unfocussed longitudinal transducer with an active area of 
90 mm2 was utilized to generate and detect bulk waves[9]. 
The original signal and the WT output SNR were evaluated as a function of the defect 
size. The output SNR, calculated as the ratio of the output signal power computed in the 
time window where the ultrasonic signal is present and the output signal power in a time 
window for which the original echo train is null, is given in Figure 5 with the input SNR 
as a function of the defect size. A positive value of SNR indicates that the signal has a 
larger amplitude of the noise and the lowest value obtainable is zero, which indicates that 
signal and noise have similar amplitudes and thus it is impossible to separate between 
them. As already mentioned, an SNR of 6dB is recommended for safe detection (POD ~ 
1.0 and PFI ~ 0.0 ), and it can be seen that this value is obtained also for defect less than 
1.0 mm in size. The lines are plotted only for visual aid and do not represent any model. 
DISPERSION ANALYSIS OF ULTRASONIC SIGNALS 
Time-frequency representation of ultrasonic signals is a useful tool for the description 
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Figure 6 Surface wave signal on a copper substrate coated with a chromium film. 
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of travelling ultrasound waves in dispersive materials. In a dispersive medium, an 
arbritary waveform will evolve in time and space due to the dependence of the phase 
velocity on the frequency[lO]. Since each progressive wave component propagates with a 
different phase velocity, the initial shape of the transient waveform is distorted in time. 
The majority of absolute ultrasonic velocity data have been obtained using time-of-flight 
methods[11], such as pulse-echo-overlap or double-pulse superposition methods[12],[13]. 
The time-scale representations obtained using the wavelet transform can be used to 
analyze the dispersive nature of the material on which the ultrasonic wave is propagating. 
The variable width of the window size, naturally built in the WT, can be extremely useful 
in analyzing transient phenomena and in particular identifying the distinct spectral 
characteristics of a transient waveform. 
When the components making up an original transient waveform are spread over a 
wide spectral range, the resulting evolution of the spectrum becomes a natural candidate 
for the wavelet transform analysis. The signal of figure 6 represents a typical surface 
wave signal obtained on a copper sample coated with a Chromium film. The surface 
acoustic wave, generated using a Nd:YAG laser, Q- switched to produce pulses of 
approximate duration of 5 nsec, and energy of 5 mJ, is thus dispersive due to the higher 
velocity of sound in the coating[ 14]. The higher frequency component arrives at 
approximately 2 f.,lsec., while lower frequency components arrive at later times, as shown 
in figure 6. The time-scale decomposition of the signal is represented in figure 7 as a 
pseudo-color density plot. As in figure 2, the absolute value of W(m.ll) is plotted, whith 
darker colors representing higher values. The central frequency of the Morlet mother 
wavelet used in the analysis is 4.39 MHz, thus the figure covers the range 0.5 to 35 MHz, 
well beyond the transducer bandwidth. The signal is decomposed into a series of "wavelet 
components", which have a gaussian bandwidth about a center frequency. Thus each 
"wavelet component" is characterized by an associated group of waves that have a 
particular propagation velocity. The center frequency of a "wavelet component" 
determines the group velocity and thus the arrival time. The detected point for the group 
delay time is the peak point of the envelope curve of the received signal waveform[15]. 
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Figure 7 Pseudo-color density plot of the magnitude of the WT for the signal in figure 6. 
The arrival time of the "wavelet components" is a function of the dilation coefficient m 
and thus of the central frequency of the associated filter. 
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As expected, the arrival time for the "wavelet components" with negative dilation 
coefficient m is less than the ones with lower values of m , and thus lower frequencies. 
CONCLUSIONS 
The preceding results and discussion demonstrated the usefulness and effectiveness of 
wavelet transform as a signal processing technique for the analysis of ultrasonic 
waveforms. The WT seen as a bank of matched filters can be extremely efficient in 
eliminating noise in ultrasonic signals and thus enhance the detection of flaw signatures 
that in many cases are buried in noise. The wavelet transform can be also used for the 
analysis of transient waves propagating in a dispersive medium The time-scale 
representations resulting from the WT demonstrate a very efficient means to obtain the 
velocity dispersion in an ultrasonic medium. The technique was successful in estimating 
the dispersion relation of surface acoustic wave group velocity induced by laser 
generation on a copper substrate with a chromium coating. 
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